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ABSTRACT 

In X-ray binaries, compact jets are known to commonly radiate at radio to infrared 
frequencies, whereas at optical to 7-ray energies, the contribution of the jet is debated. 
The total luminosity, and hence power of the jet is critically dependent on the position 
of the break in its spectrum, between optically thick (self-absorbed) and optically thin 
synchrotron emission. This break, or turnover, has been reported in just one black 
hole X-ray binary (BHXB) thus far, GX 339-4, and inferred via spectral fitting in 
two others, A0620-00 and Cyg X-l. Here, we collect a wealth of multiwavelength 
data from the outbursts of BHXBs during hard X-ray states, in order to search for 
jet breaks as yet unidentified in their spectral energy distributions. In particular, we 
report the direct detection of the jet break in the spectrum of V404 Cyg during its 
1989 outburst, at 1^ = (1.8 ± 0.3) x 10 14 Hz (1.7 ± 0.2^m). We increase the number 
of BHXBs with measured jet breaks from three to eight. Jet breaks are found at 
frequencies spanning more than two orders of magnitude, from = (4.5 ± 0.8) x 10 12 
Hz for XTE J1118+480 during its 2005 outburst, to v h > 4.7 x 10 14 Hz for V4641 
' Sgr in outburst. A positive correlation between jet break frequency and luminosity is 

expected theoretically; oc £J7jet ^ other parameters are constant. With constraints 
on the jet break in a total of 12 BHXBs including two quiescent systems, we find a large 
range of jet break frequencies at similar luminosities and no obvious global relation 
(but such a relation cannot be ruled out for individual sources). We speculate that 
different magnetic field strengths and/or different radii of the acceleration zone in the 
inner regions of the jet are likely to be responsible for the observed scatter between 
sources. There is evidence that the high energy cooling break in the jet spectrum 
shifts from UV energies at Lx ~ 10~ 8 LEdd (i m ply m g the jet may dominate the X- 
ray emission in quiescence) to X-ray energies at ~ 10~ 3 LEdd- Finally, we find that 
the jet break luminosity scales as L^jct oc J^ 56±0 - 05 (very similar to the radio-X-ray 
correlation), and radio- faint BHXBs have fainter jet breaks. In quiescence the jet break 
luminosity exceeds the X-ray luminosity. 

Key words: accretion, accretion discs, black hole physics, X-rays: binaries, ISM: jets 
and outflows 
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1 INTRODUCTION 

The process of accretion onto compact objects is still not 
fully understood. How accretion leads to the production of 
relativistic, collimated jets, how much power is contained 
within these jets and how that power is distributed in- 
ternally, are some of the major open questions in astron- 
omy. Recently it has been established that stellar-mass 
black holes (BHs) can channel a large fraction of their 
accretion energy into these jets ( Gallo et ah! 20051; Fender! 



20061; iKording. Fender fc MigliarilBbod ; iTudose et al.ll2006l ; 
Russell et al.l [2007a). These systems are X-ray binaries 



(XBs), in which the accreting matter is fed from a com- 
panion star via an accretion disc towards the BH. 

A large scale height, poloidal magnetic field in the in- 
ner accretion flow is thought to launch the jet through mag- 
netohydrodynamical processes, but it remains unclear how 
jets from accreting objects (Active Galactic Nuclei [AGN], 
XBs, 7-ray bursts) are formed and accelerated to relativistic 
velocities (likely by extraction of either the spin energy of 
the compact object, or the accre tion energy from the accre- 



tion disc, or a combinatio n; e.g. Blandford & Znajck 



Bla ndford fc Pavnel 1 19821; iLivio. Ogilvie fc Pri nglc 



1977; 



1999; 



McKinnev. Tchekhovskov fc Blandford! l2012f ). For BHXBs. 
classical 'flat spectrum' radio jets (like those seen in AGN) 
are commonly observed during hard X-ray states (here- 
after the hard state; for descriptions of X -ray states see 
iMcClintock fc Remillardll2006l ; iBellonil fkllO), when the ac- 
cretion flow structure likely permits the existence of a 
large, vertical magnetic field. In softer X-ray states jets 
are observed to b e quenched a t radio frequencies (e.g. 
Corbel et al.l l200d; iFenderl l200ll ; iGallo. Fender fc Poolevl 
20031 ; Russell et alJ l2011af ) which may result from a sup- 



pression of the poloidal field by t he geometric ally thin disc 
which exists in the soft state (e.g. Meier 2001). 

The flat, or slightly inverted (a « 0-0.5 where F v oc 
u a ) radio spectrum seen in th e hard state exte n ds to 
at least the millimetre regime jFender et all l200d . l200ll ; 
iMarkoff. Falcke fc Fender! l200ll ). which can be explained 
by self-absorbed synchrotron emission from lepton popu- 
lations at different radii from the BH; the signat u re of a 
conic al, collimated jet (Blandfor d fc Konigll Il979l ; iKaisej 
2006). At near-infrared (NIR) and higher frequencies, op- 
tically thin synchrotron emission has been detected (e.g 
Buxton fc Bailvni 12003; IHvnes et~aH 120031; iKalemci etjfl 
20061 ; iRussell et al 



Hvnes et al 



120101 ; IChatv et al 



ll998l ; lEikenberrv et alJ Il998h. correlations wi t h radio emis- 



sion in the hard state ( Russell et al.l 120061; Coriat et al.1 
20091'). quenching during the soft state dJain et al.1" 200 ll; 



Buxton fc Bailvni |2004 iHoman et al.l 120051 ; IBuxton et al.l 
20121) and the recent detection of linear polarization 



l2011bl ). The majority of the fast (~ seconds or less) vari- 
ability reported at optical/NIR wavelengths is also likely 
to have a jet origin, since the variability has a spectrum 
consistent with optical ly thin synchrotron emission (e.g. 
IHvnes et al] 120031.12 006 ) , and is stronger at lowe r frequen- 
cies (e.g. IGandhi et al.l I2OI0I : ICasella et all |2010| ) which is 
inconsistent with both thermal emission and a nonther- 
mal corona origin (for a recent nonthermal model see 
IVeledina. Poutanen fc Vurmll201lf ). 

Physically, the size scale of the emitting region in the 
jet scales inversely with frequency. It is thought that the 
jet break frequency, Uh ma rks the start of the part i cle ac - 
celeration in the jet (e.g. IPolko. Meier fc Markoflj l2010h . 
at dista nces only ~ 100 r g (gravitational radii) from the 



BH (e.g. [ Markoff, Nowak & Wil ms! 120051; IG allo et all 200 



Miglia ri et al 



2007 



Maitra et alj|2009al ; ICasella et al.ll201 



i07|; 
HO; 



Pe'er fc Markofl1l2012l ). Radiatively, the energetic output of 



201 if ), usually approximating a power law with spectral in- 
dex — 1.0 ^ a ^ —0.5. This is expected from a compact 
jet spectrum at higher frequencies than the self-absorption 
break, or turnover in the spectral energy distribution (SEP ; 
iBlandford fc Konigllll979l ; lHiellming fe Johnstor]|l988l ). The 
jet origin of this optically thin synchrotron emission is 
supported by the ext rapolation of the radio spectrum to 
NIR frequencies (e.g. lFenderll200ll; ICorbel fc Fender! |2002| ; 

IBrocksopp. Bandvopadhvav fc Fender! 120041). correlated ra- INowak et al.l2005f : 



the jet is dominated by the higher frequencies, and the peak 
flux density of the jet spectrum is at Ub- In order to estimate 
the total power contained in the jet, to infer the fraction of 
accretion energy being channelled into these outflows, it is 
therefore necessary to identify the spectral break, and also 
the high energy synchrotron cooling break. The total radia- 
tive luminosity of the jet can only be inferred via i/b, the 
luminosity at the break, L„ b and the radiative efficiency, r). 
Measuring as accurately as possible the power contained in 
the jets at different luminosities is key to understanding the 
process of jet formation and the overall physics of accretion 
and the matter and energy XBs input into the interstellar 
medium (ISM). During outbursts, XBs can vary by eight 
orders of magnitude in luminosity, so it is possible to study 
how the accretion process and jet properties vary with mass 
accretion rate from luminosities ~ 10 _8 -1 I/Edd- 

In addition to the total kinetic energy, other physi- 
cal properties of the jet can be inferred by identifying the 
jet break. The cross section radius of the first acceleration 
zone (hereafter FAZ; i.e. the size of the region where the 
synchrotron power law starts) and magnetic field st r ength 
can be estima t ed d ir ectly (|Rvbicki fc Lightmanl 19791 ; 
ICasella fc Pe'eil 120091 ; IChatv. Dubus fc RaichooTl201ll ). 
while the velocity and opening an gle can be inferred from 
fast timing fluctuations at the FAZ ( Casella et al.ll201ol ) and 
magnetic field ordering and orientation, via polarizati on at 
the FAZ l|Shahbaz et alj|2008l ; IRussell fc Fenderll2008l ). For 
jet models, observables like these are highly sought after. 
Constraining these parameters and how they vary with lumi- 
nosity will dramatically improve attempts to model jets and 
simulate their production. Unlike in AGN, the rapid time de- 
pendency of XBs allows us to pr obe jet evolution, adding a 
furthe r dimension to models (e.g. IMaitra. Markoff fc Falcke! 
l2009bl ). 

Despite its importance, the jet break has only yet 
been o bserved directly in the spectrum of one BH XB (GX 
339-4; ICorbel fc Fender] |2002|; IGandhi et al.l [20T1I : see also 



dio and IR variability (e.g.lFender et al.ll 19971 ; i Mirabel et all XB (4U 0614+09 



i Shahbaz et"ai1l200Sl ; IRussell fc Fenderl |200S| ; IRussell et all 



Coriat ct al. 2009) a nd on e neutron star 
Migliari et al.l 120061 . |2010| ) and inferred 
via s pectral fitting in one BHXB (Cyg X-1; IRahoui et al.l 
l201lf ). In all three objects, the break is inferred to exist in 
the mid-IR, at ~ (1-5) x 10 13 Hz, with GX 339-4 displaying 
large variab ility in v\, (by > 1 o r der of magnitude) on hour- 
timescales |Gandhi et al.ll201l1 ). IMaitra et al.l (|201 if) show 
that the mid-IR spectrum of A0620-00 in quiescence is flat, 
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and consistent with being self-absorbed synchrotron emis- 
sion, while the NIR has a different power law, and is consis- 
tent with being optically thin synchrotron, which strongly 
favours a jet break between the two. The reasons why few 
jet breaks in XBs have been discovered to date are be- 
cause the companion star or accretion disc can simply dom- 
inate the emission at these frequencies in some objects (e.; 
iMigliari et all 120071 ; [Callo et alj|2007l ; iRahoui et all 12011 
and few mid-IR data exist in the literature. Until recently, 
the only mid-IR detections of BHXBs in outburst at wave- 
lengths > were of GRO J0422+32, in which the source 
was detect ed at a level of 50 mjy a t 11pm during a bright 
hard state (|van Paradiis et"al]|l994r ). 

Standard jet models predict the jet break fre- 
quency to depend on the mass accretion rate, black hole 
mass, location of the particle accelerat i on and magnetic 
field strength dFalcke fc Biermannl Il995l; iHeinz fc Sunvaeyl 



2003; Markoff et al. 2003 
Chatv. Dubus fc Raichoorl 



Falcke. Kording fc Markofj 12004 
20 111 ). If the latter three parame- 



ters are unchanged, a positive relation should exist between 
jet break frequency and mass accretion rate. Observational 
confirmation via any apparent correlation between break fre- 
quency and luminosity would provide strict constraints for 
jet models. 

Here, we perform a comprehensive literature search for 
quasi-simultaneous multiwavelength (radio to optical) data 
of BHXBs in the hard state and quiescence (we define qui- 
escen ce as Lx < 10 33 ' 5 erg s _1 ; iMcClintock fc Remillardl 
2006), in order to identify the jet break and test for a rela- 
tion with luminosity. Specifically, we only gather data where 
there is evidence for synchrotron emission at NIR/optical 
frequencies. The data collection, SED construction and spec- 
tral fitting are described in Section 2. Each SED from every 
source is discussed, and we detail the method we use for 
isolating the jet emission in each case. The jet break is con- 
strained in several sources, and the results are analysed in 
Section 3. The distribution of jet breaks and the global re- 
lation between jet break frequency and luminosity are anal- 
ysed, and compared to relations expected theoretically. A 
large scatter in jet break frequency is found, and we discuss 
the possible origins of this scatter. A correlation between jet 
break luminosity and X-ray luminosity is also presented in 
Section 3, and we assess the likely contribution of the jet to 
the X-ray luminosity. A summary of the results are provided 
in Section 4. 



2 DATA COLLECTION AND ANALYSIS 

In addition to the published jet breaks iden tified in the SEDs 
of GX 339-4, Cyg X-l and 4U 0614+09 llCorbel fc Fendei 
20021 ; IMigliari et ai]|2010l ; iGandhi et aj]|201ll ; IRahoui et al. 
201 If ), we conducted a literature search for radio to optical 
SEDs of BHXBs. In order to identify the jet break the fol- 
lowing criteria were imposed: (1) The BHXB must be in a 
hard state or in quiescence at the time; (2) There must be 
evidence for synchrotron emission at frequencies v > 10 12 Hz 
(i.e., several orders of magnitude higher in frequency than 
radio), with a measurable spectral index; (3) There must be 
at least one radio data point; (4) All hard state data must 
be quasi-simultaneous - taken within one day, or a few days 



at most (those with time separations > 2.0 d are discussed 
individually below). 

In some works, constraints (upper or lower limits, but 
not direct measurements) of the jet break frequency have 
been made by measuring the optical/NIR spectral index to 
either be optically thick or op tically thin, but w ithout quasi- 
simultaneous radio data fe.g. lChatv et al]|201ll ). We include 
these upper/lower limits in our analysis, but in order to mea- 
sure the jet break frequency itself (not an upper/lower limit) 
we require at least one quasi-simultaneous radio data point. 
For sources in quiescence, quasi-simultaneity is not required 
since fluxes are thought not to vary considerably (although 
as we will see, the jet break frequency can shift on short 
timescales; we discuss this caveat applicable to these quies- 
cent data in our analysis). Neverthele ss, for A0620-00 dif- 
ferent optical 'quiescent states' exist (|Cantrell et aljfeoid . 
see Section 2.2). The broad Ha emissi on line can be very 
prominent in the o ptical spectrum (e.g. ICasares et al.lll99ll ; 
iFender et al]|2009fj ; this line resides within the _R-band filter 
(centred at 6400A). In some SEDs the 7i-band data point 
appeared high compared to the fluxes in other filters at sim- 
ilar wavelengths. These _R-band data points were removed. 
Quasi-simultaneous X-ray fluxes were also acquired. 

Evidence for synchrotron emission in all cases is spec- 
tral. The classical example is GX 339-4, where a well 
documented 'V'-shape SED is evident; the red compo- 
nent originating in synchrotron emission from the jet 
(which is quenched in the soft state), and the blue 
component which is possibly from the irradiated ac- 
cretion disc llCorbel fc Fended 12002) ; iHoman et all 120051; 



Coriat et all 120091; ICadolle Bel et al"[|201ll; IShidatsu et al 



20111 ; iBuxton et al.ll2012l ; IRahoui et all 120121 : iDincer et al 
2012T ). As a visual example, the reader is directed to the 



SEDs of GX 3 3 9-4 p resented in lCorbel fc Fended (|2002h and 
IGandhi et alj (|201ll ). Brightness temperature arguments, 
variability which is stronger at lower frequencies (includ- 
ing cross-correlations with X-ray) and polarization confirm 
the jet origin of the red component dCasella et all |2010| ; 
IGandhi et ail l20ld . l201ll ; iRussell et all l2011bf l. The red 
component nor mally dominates t he NIR flux during the 
hard state (e.g. iRussell et alj feooe). but in some BHXBs it 
app ears fainter or absent, compared to t he blue component 
(e.g. lHvnes et al.ll2002l ; ISoleri et alfeoiOT ). For this study it is 
important to find data where the synchrotron emission is not 
only present, but it can be isolated from the blue component 
and its spectral index can be measured. This is necessary in 
order to extrapolate its power law towards lower frequencies. 
Where there is evidence for disc emission also in the opti- 
cal/NIR SED, this contribution has been subtracted, leav- 
ing just the synchrotron spectrum. Methods of subtraction 
are explained in the individual subsections for each source. 
Where two spectral components are evident with clear, dif- 
ferent spectral indices, we take just the reddest bands to 
measure the spectral index (incorporating the uncertainty 
into the errors). Other methods to subtract the disc flux 
and isolate the jet emission include measuring the disc flux 
in each band from its exponential decay in the soft state 
l|Russell et al.ll2010l . 12012] ; IDincer et al.1 120121 ') and by mea- 
suring its rapid variabili ty in several bands simultaneously 
|Hvnes et al)l2003l . 120061 ) . 

Ten BHXBs were found with SEDs satisfying the 
above criteria, in addition to the two BHXBs mentioned 
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Table 1. The data collected for this paper. 



Source 


Year 


Dates 




X-ray 


At 


A v 


D 




References 






(MJD) 


state 


(d) 


(mag) 


(kpc) 




(data / paramct 


Black hole XBs: 




















nRD T0499-I-19 

vj±\A_y O UrtZZrn^'JZ 


1992 


48874 




hard 


^ 1 


J. .uy nz u.oi 


9 4Q -U 10 
z.^iy zr_ u.ou 


q oy _|_ n Q 5 
o.y i ic u.yj 


1—4 / 5—6 


CV518 Per) 


2000-1 
















6-8 


Anfion 00 


1 Q75 


42648- 


50 


hard 3 


9 
Z .U 


i 05-1-0 19 

ItUu IX U. 1.Z 


1 Ofi 4- fl 1 9 

i. .UU X U.1Z 


fil _|_ n 95 


Q 11 / 1 9 

y i. 1 / ±Z 


l V vJ-LU 1VH_/1± J 




- 














12-14 




9000 

zuuu 


51649 




h d 


/ 1ft 
\ i. 


n 065 -I- 090 


1 79 -I- 1 

1. I ^ X U. 1U 


O.OO ZTL U.UU 


15 18 / 1 Q 

-LO lo / iy 


(KV UMa) 


2005 


53386 




haxd 


< 1 








20-22 




1997 


50772- 


1 




3 


9 fiO -I- 11 

Z .UU □! U.O -L 


43 ± 18 


> 7.33 6 


91—95 / 96—97 

_- ) —i- • j ZU _ I 


CRW (~!ir) 

I J.J VV V_/ll J 




















4TT 1 541— 47 


2002 


52490 




hard 


^ i 


1 EE _|_ f) 1 C 
-L . JO □! U. -LU 


7.5 ± 0.5 


9.4 ± 1.0 


zo zy / ou ox 


fTT, Tiling 

l ±1_J i_J L1JJ J 




















,\ 1 rj J 1 OtJU — OU'rt 


9000 
ZUUU 


51697 




hard 


<•*■ i 


o.u 


4 18 4- n ^ 

'i.OO m U.uo 


q i _|_ n c 

cf.i-ZC U.U 


19—14. / 1^—18 


(V381 Nor) 


2003 


52750- 


1 


hard 


2? 








39 




1 QQ7 


50648 






4 C 


q ok _i_ n 50 

O.Zu m u.uu 


6 15 




4.0—41 / 49—44 

^U — IT / 'IZ — L t L ± 


(V821 Ara) 


2010 






hard 


< l d 








42,45 


XTE J1752-223 


2010 


55378 




hard 


<1* 


~ 2.87 


3.5 - 8 


9.8 ±0.9 


46 / 46-48 


(SWIFT J1752. 1-2220) 




















V4641 Sgr 


1999 


51438 




soft? e 


< 1 


0.775 


5.5 ± 2.5 


10.2 ± 1.5 


49-50 / 49,51 


(SAX J1819. 3-2525) 


2002 


52419 




hard? 


< 1 








53 




2003 


52857 




hard 


< 1 








53-54 


MAXI J1836-194 


2011 


55844- 


5 


hard 


< 1 


1.31 ± 0.23 


~ 8 9 


- 10 9 


55 / 56 


Cyg X-l 


2005 


53513 




hard 


< 1 


~ 2.95 


1.86 + 0.12 


14.8 ± 1.0 


57 / 57-59 


(V1357 Cyg) 




















V404 Cyg 


1989 


47676 




soft? e 


< 1 


4.0 + 0.4 


2.39 + 0.14 


8.8 ±0.4 


60-62 / 63-65 


(GS 2023+338) 


1989 


47728- 


-9 


hard 


1.1 








60,66-67 


Neutron star XB: 




















4U 0614+09 


2006 


54038- 


■12 


hard 


< 4 


2.0 


3.2 ± 0.5 


1.4 


68 / 68-70 



;ers) 



(V1055 Ori) 



The columns are: source name (alternative name), year, dates of observations, X-ray state, maximum time separation of the data, 
interstellar extinction, distance, BH mass and references (references of the data then for the para meters Ay, D and M bh)- "For the 
2000 outburst of XTE J1118+480, the radio and sub-mm data are not strictly simultaneous, but lFender et all (120011 1 report a very 
steady source at these frequencies during the period MJD 51620—51720. ''Only a lower limit of A/bh ls constrained for GS 1354-64. 
Here we assume a conservative Mbh < 30 Mp, for the upper l i mit. T or the 1997 SEDs of GX 339-4, one of the two radio fluxes was not 
quasi-simultaneous, but was calculated by Corbe l fc Fender ( 20 0^) from th e well known radio— X-ray correlation. d Some of the radio, 
NIR, optical and UV data in the SED of GX 339—4 in lGandm**et all d201 lT> straddled the date of the mid-IR data by six days either 

side, however the jet break we take here was measured from the mid-IR data only, which was strictly simultaneous. e The radio 
spectrum is optically thin at this epoch, so the source was most likely not in a canonical hard state. -^No radio data were acquired for 
this epoch; as such only an upper or lower limit of the jet break frequency is inferred from the optical/IR data. 9 The distance and BH 
mass of this BHXB are unknown; here we adopt typical values for a BHXB towards the Galactic centre, with conservative errors of a 



factor of four. Referen c es: (1 ) = Ivan Paradiis et al.l dl99 
= lGoranskii et al.l (119961) ; (5) 



-dill- - ._ . 

iHvned feool); (6) =belino fe Harrison! d2003h ; (7) 



); (2) =IShrader et all 1119941) ; f3 ) =lKing, Harrison fc McNamaral Jl99 

Gelino. Gelino fc Harrison! ll2010l) ; (8) 



); (4) 



iMiller- Jones et al.l I 2m% ; (9 ) = I Robertson Warren fc BvwateJ dl976T); ( 10) =lKleinmann, Brecher fc Inghaml Jl976f); (11 



iKuuIkers et al.l il999h;""(12) =[Cantrell et al.l 1120101); (13) =lMaitra et all ll201ll ); (14) =lGallo et al.l d2006f l i; 7 15) =IChatv et al.l 



j2003a!) ; (16) 



(20) =lHvr. 



.Pavlenko et al.l ll200ll); (17) 
et al.l ||2006|); (2 1) = IZurita et al 



ISoria. Bessell fc Wood! lll997l); (25) 
iBuxton fc BailvrJ ll2004l); ( 29) = iKalemci et al 
(3 3) =[Co"rbel et all ll200lD : (3 4) =lRussell et al 
iKaaret et all ||2003|); (38) =[Orosz et all ' 



Taranova fc Shenavrinl ll200ll); (18) =lFender et all j200ll); (19) =lGelino et all ||2006|) ; 
all i2006l);_ ( 22) =lBrocksopp et all ||2010|); (23) = ICastro-Tirado et al.Nl997h ; (24) 
Casares et all i2004l); (27) 



Casa res et al 
et all l|2002l); (32) = 



iBrocksopp et all l l200ll); (26) 

' I j2005l): (30) = lQrosz et all Jl998h: (31) =E _ 
~ [j2010l ); (3 5) =lTomsick. Corbel fc Kaarej ll200ll); (36) 
(l2011ah; (39) =IChatv et al| ll201ll); (40) =ICorbel fc Fender 
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above with jet breaks already reported. The 12 sources, 
dates and references are given in Table 1, as are the best 
known values for their interstellar extinctions, distances 
and BH masses. The neutron star XB 4U 0614+09, with 
a published jet break, is also tabulated. All optical/NIR 
data were de-reddened adopting the extinction curve of 
ICardelli. Clayton fc Mathid ( 19891). Mid-IR data were de - 
reddened using the relation of Weingartner fc Draind |200ll ). 

After isolating the flux of the synchrotron emission, we 
construct the SEDs. Unless the jet break itself is clearly visi- 
ble in the SED, we fit power laws to the radio and IR/optical 
SEDs in order to infer the jet break frequency and its flux. 
If the synchrotron power law at v > 10 12 Hz has a spec- 
tral index a ^ —0.4, this is consistent with optically thin 
synchrotron and the best fit power law and its errors are 
extrapolated to lower frequencies. Likewise, the best fit ra- 
dio power law is extrapolated to higher frequencies and the 
jet break is defined by interpolating these two power laws. 
We take the error on the jet break to be the most extreme 
outcomes using the upper/lower limits to each of the two 
power law fits. The resulting frequency ranges are shown by 
horizontal double-ended arrows in each panel of Fig. 1. 

This method effectively assumes the jet spectrum can 
be approxi mated by a broken power la w, which is the classi- 
cal picture (Blandfo rd fc Konigll 19791 ). More complex SEDs 
may be more appropriate in some cases, such as an addi- 
tional exce ss of emission in the SED at around the jet b reak 
frequency ijPe'er fc Casellal 120091 : iMarkoff et all 120051 ) but 
most of our SEDs can be well fit by a broken power law 
(see Section 3 for more discussion on this). In this sense, by 
interpolating we are measuring the position of the 'classi- 
cal' jet break in most cases, which may lie under this ex- 
cess. In addition, re-brightenings due to internal shocks in 
the jet, or other processes, may introduce excess emission 
above the 'flat' optically thick spectrum (for example there 
was a millimetre excess in the optica lly thick spectrum of 
XTE J1118+480; IMarkoff et all 120011 ). Using interpolation 
between radio and IR/optical power laws is therefore an ap- 
proximation of the jet break between the optically thick and 
thin emission, but may not represent the true peak flux of 
the jet, if the SED is more complex than this. There are few 
sub-mm data available in the literature, as most sub-mm 
telescopes are barely sensitive to detect these mjy sources. 
However, this is now changing, with upgrades to current 
sub-mm telescopes and new instrumentation that are sig- 
nificantly more sensitive than before (e.g. the James Clerk 
Maxwell Telescope, the Submillimeter Array, the Strato- 
spheric Observatory for Infrared Astronomy and the Ata- 
cama Large Millimeter Array). Given the available data un- 
til now, we find that in most cases the SEDs can be well 
approximated by a broken power law (see Fig. 1), but in a 
follow-up work we will model the SEDs using state of the art 
jet models. For the purposes of this paper, we simply wish 
to constrain the jet break (as defined by the interpolation 
of radio and IR/optical synchrotron power laws) in many 
sources and test for a general relation with luminosity. 

X-ray fluxes are converted to bolometric luminosities 
using the approximation Lboi ~ 5 x Lx,2-iok c v (unless bolo- 
metric luminosities were quoted in the papers) for hard state 
objects (which has an associated error of ^ 10 per cent; 
iMigliari fc Fended lioOrj ) and assuming an X-ray power law 
of index V — 1 — a = 1.6 in the hard state and T = 2.0 in qui- 



escence (fairly typical values; e.g. lCorbel. Tomsick fc KaaretJ 
2006). Since the same power law index is assumed for every 
source (except in quiescence), the bolometric correction is 
the same for each source, so the original 2-10 keV fluxes 
are proportional to the bolometric luminosities. When X- 
ray fluxes are absorbed, we use the NASA tool WebPIMM^ 
and the known values of hydrogen column density to obtain 
unabsorbed fluxes. The bolometric luminosity in Eddington 
units is calculated from the distance and BH mass estimates 
given in Table 1. The errors in the distance and BH mass are 
propagated into the error in the bolometric luminosity (we 
take the full ranges of each to infer the total possible range of 
values of luminosities). The SEDs and the jet breaks derived 
for each source are discussed in the following subsections. 



2.1 GRO J0422+32 

A wealth of optical photometry was acquired during 
the 1992 hard state outburst of this transient BH, but 
the spectrum was fairly blue, with no reported evidence 
for synchrotron emission . No NIR data were taken, but 
Ivan Paradiis et ail (|l994h reported a bright, 51 ± 9 mjy de- 
tection at 10.8/im in the mid-IR during outburst which later 
faded to < 36 mjy (3<r upper limit) at 10.2^im. The accre- 
tion disc, sec ondary star and heated d ust were all ruled out 
as the origin l|van Paradiis et ai1ll994l ). An X-ray driven ac- 
cretion disc wind was the only plausible explanation, but 
this would require more mass to be lost via the wind than 
accreted onto the BH. Such strong winds have been detected 
but not in the ha rd state, when winds are generally found 
to be suppressed |Neilsen fc Leell2009l ; iPonti et al.ll2012l ). 

In hindsight it seems viable, and expected, that this 
mi d-IR detection could be synchrotron emission from the 
jet. IShrader et al.l l| 19941 ) monitored the source at radio fre- 
quencies during the outburst and found a decaying radio 
source with an inverted spectrum; a > 0. A radio observa- 
tion was made within 1 d of the bright mid-IR detection; 
its flux was 4.8 ± 0.4 mjy at 1.49 GHz. Optical mag n itude s 
were also reported on the same day by iKing et alj (| 19961 ) 
and iGoranskii et alj (| 19961 ). In Fig. la the (de- reddened) 
radio, mid-IR and optical detections from this epoch are 
shown by red crosses. The radio to mid-IR spectral index 
is a = +0.24 ± 0.03, which is fairly typical of self-absorbed 
synchrotron from the jet, and similar to the sp ectral index of 
the r adio spectrum seen during this outburst (|Shrader et al.l 
1994). The reddest optical band (/-band, centred at 7900A) 
on the same date was 33.4+0.9 mjy, so the spectrum must be 
a < between mid-IR and optical, implying that a turnover 
is necessary in the jet spectrum at lower frequencies than I- 
band (ia> < 3.8 x 10 14 Hz). We therefore propose the jet as 
the most likely source of the bright mid-IR detection. Since 
the optically thin spectral index cannot be measured, we can 
place no further constraint on the jet break frequency or the 
flux at the peak. The jet break itself could lie at frequencies 
above or below the mid-IR detection. 

Optical, NIR, mid-IR and radio da ta of GRO J0422+32 
have been acquired during quiescence. iGelino et al.l (|2010l ) 
showed that the optical to mid-IR SED is best fit by the 
companion star plus an optically thin synchrotron jet with 



1 Available at http://heasarc.nasa.gov/Tools/w3pimms.html 
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Figure 1. Radio to optical SEDs of eight BHXBs, with power law fits to various regions of the spectra used to constrain the jet break 
flux and frequency (see text for details). Data from the hard (red and black), quiescent (green) and unknown (blue) states are shown. 
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spectral index a « —0.7 (the jet produces ~ all the 8 \xm 
emission). This spectral index is inconsistent with a dusty 
circumbinary disc origin, which has a bluer ( a > 0) SED at 
these wavelengths l|Muno &: Mauerhanll2006T ). A deep radio 
observation achieved a stringent 3cr upper limit of 8.3/xJy at 
8.4 GHz in quiescence (|Miller- Jones et al.ll201lT ). The SED is 
shown as green crosses in Fig. la. The radio upper limit and 
mid-IR jet detection give a radio to mid-IR jet spectral in- 
dex of a > +0.19. This is not unexpected, since during out- 
burst some radio spe ctra were quite inverted, with a > +0.2 
ijShrader et al.l ll994). No radio spectrum from a BHXB has 
been reported steeper than a ~ +0.5, so we consider this as 
an upper limit. The black dotted line in Fig. la illustrates 
this maximum optically thick jet flux extrapolated to higher 
frequencies. We adopt a conservative error on the optically 
thin spectral index of a = —0.7 ± 0.3. This extrapolated 
to lower frequencies is shown as green lines in Fig. la. From 
where the extrapolated mid-IR jet spectrum errors meet the 
maximum possible optically thick jet flux, we show that the 
jet break frequency must be located at u b > 2.1 x 10 12 Hz. 
The jet break cannot be at higher frequencies than 8 \im 
(u b < 3.7 x 10 13 Hz) because the emission is optically thin 
here. The black arrow in Fig. la indicates the range of pos- 
sible jet break frequencies constrained here. In this case we 
can also constrain the peak flux at the jet break. The max- 
imum flux is set by the upper limit of a = —1.0 for the op- 
tically thin spectrum crossing the maximum flux from the 
optically thick spectrum. We take the obs erved 8 /im flux it- 
self as the minimum flux at the jet break. Miller -Jones et al.l 
l|201ll ) also tabulate the quiescent X-ray luminosity of GRO 
J0422+32 to be 3.2 x 10 30 erg s" 1 (3-9 keV), which equates 
to a bolometric luminosity (see above) of Lx = 2.3 x 10 31 
erg s"\ or L x = (7.1 ± 2.7) x 10" 8 L E dd. 



2.2 A0620 00 

For a brief time at the start of the 1975 outburst of A0620- 
00, this BHXB was i n a hard X-ray state, with flat spec- 
trum radio emission (Kuulk ers et al. I Il999l . and references 
therein). Optical to NIR data were taken; the source was 
detected in a total of 7 photometric bands (up to L-band 
at 3.5 \xm) within two days of the radio data (Table 1). In 
Fig. lb the red crosses represent this epoch. It is clear that 
no jet emission is evident in the optical/NIR data; the SED 
is consistent with a power law ; a = +1.2, typical of an ir- 
radiated disc (e.g. iHvnesI 120051 ). The radio to NIR L-band 
spectral index is flat, but no constraint can be made on the 
jet break frequency. 

In quie scence, A0620-00 has been detected at radio fre- 
quencies bv lGallo et all (|2006h . A mid-IR excess is known to 
exist above the companion star and accretion disc emission 
in quiescence, and it has been speculate d that this could be 
due to the jet or a circ u mbinary disc i Muno fc Mauerhanl 
l200fj ; iGallo et alj 120071 ). IMaitra et all feoill ) present mid- 
IR and NIR/optical data of the source during quiescence. 
During quiescence A 0620-00 exh ibits 'passive' and 'a ctive' 
states (|Cantrell et al.ll2010l ). and IMaitra et all l|201ll ) note 
that the mid-IR data were taken during an 'active' state. 
After subtracting the stellar light from the companion star 
and the accretion disc flux as measured in the ' passive' state, 
the r emaining flux is nonthermal and variable |Maitra et al.l 
l201ll ). The 3.6-8.0 lira nonthermal spectrum is consistent 



with a power law of index a — +0.2 in one observation and 
a — +0.3 in another. This is i nconsistent with the spect rum 
of a dusty circumbinary disc IMuno fc Mauer hanl |2006T ), al- 
though we cannot rule out a circumbinary disc making a 
weak contribution. During the 'active' state the optical-NIR 
nonthermal spectrum has a spectral ind ex; a = —0.7 ± 0.2 
|Cantrell et al.ll2010l ; fMaitra et al.ll201ll ). This is consistent 
with optically thin synchrotron. 

In Fig. lb we plot the quiescent SED (green crosses) 
from the radio and mid-IR data, and add V-band (centred 
at 5500A) and LLband (1.66/^m) data from th e epoch in the 
activ e state close in time to the mid-IR data (|Maitra et all 
2011). It was already mentioned in lMaitra et al.l (|201ll ) that 
the break between optically thin and optically thick syn- 
chrotron seems to lie between the optical/NIR and the 
mid-IR regimes, from the observed spectral indices. Here, 
we show that the radio to mid-IR spectral index is a = 
+0.19 ± 0.01, and the radio detection is consistent with the 
extrapolation of the measured mid-IR synchrotron spectral 
index. This, assuming no additional components so far un- 
considered are present, further supports the claim that the 
mid-IR nonthermal emission is very likely to originate in the 
jet. The jet break is measured here to lie between 3.6 fim 
and 1.7 nm (u b = (1.3 + 0.5) x 10 14 Hz). This is the first time 
the jet break has been inferred for a BHXB in quiescence. 



2.3 XTE J1118+480 

Two SEDs were acquired of this BHXB, one from each of its 
two hard state outbursts. The 2000 outburst in particular 
had excellent multiwavelength coverage (this halo BHXB lies 
behind a very low level of extinction, and UV spectroscopy 
was possible) . While the radio spectrum remained steady 
for 100 days l|Fender et al.ll200ll ). NIR photometry revealed 
a bright, red SED (as bright as L = 8.7 mag, or 0.1 Jy at 
3.5 (iim). On 2000 April 15, data in four NIR bands and two 
optical bands were acquired, and result in a 'V'-shape SED 
(Fig. lc; red crosses). The optical bands appear to be blue 
(q > 0) while the NIR bands are well fit by a power law with 
spectral index a — —1.38 + 0.08. Although this is fairly steep 
for optically thin synchrotron emission, the spectral index 
of the jet of XTE J1550-564 was also seen to evolve over 
several days from a steeper one than seen he re, to a value 
typic al of optically thin synchrotron emission |Russell et al.l 
120101 ). The steeper index may be indicative of a thermal, 
possibly Maxwellia n distribution of electrons at this time 
jRussell et al.ll2010l) . The steady radio spectrum is also well 
fit by a power law of index a = +0.47+0.03. By propagating 
the errors in these two power law fits we constrain the range 
of frequencies and fluxes where they must meet. We derive 
a jet break frequency from this of v b = (2.8 ± 0.6) x 10 13 
Hz. At a different epoch during this outburst, the NIR flux 
appeared much flatter, and a constraint on the jet break 
could not be made directly, but was i nferred via spectra l 
modelling to be aro und ~ 4 x 10 14 Hz jMarkoff et al.ll200ll ; 
IMaitra etal"1l2009al ). 

Radio, NIR and optical data were acquired on the same 
day during the 2005 hard state outburst of XTE J1118+480 
(Table 1). This time the optica l/NIR SED was slightly blue 
(a > 0) butlHv nes et all (2006) obtained strictly simultane- 
ous NIR J, H, K fast photometry. By measuring the flux 
of the variable component in each filter, iHvnes et al.l (|2006l ) 
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Figure 2. Optical/N IR light curve of the de cay of the 2002 out- 
burst of 4U 1543-47 llBuxton fc Bailvnll2004l) . The re-brightening 
in the decaying hard state is clearly visible after MJD 52480. Ex- 
ponential decays are fitted to the soft state light curves. As an 
example the X-band (centred at 2.2fim) data fitted is shown as 
black cro sses (a brief flare durin g the soft state is not included 
in the fit; Buxton & Bailyn 2004). The excess flux above the ex- 
ponential decay is measured at the time of the radio observation 
(marked by the vertical dotted line). 



found that the rapidly variable component had a red spec- 
trum consistent with optically thin synchrotron (on 2005 
January 16 it was a — —0.83 ± 0.04). The observed op- 
tical/NIR and radio fluxes (at four radio frequencies) are 
plotted in Fig. lc (black crosses), while the spectral fit to 
the variable N1R component is shown (black dotted lines), 
as is the power law fit to the radio data. Similarly to the 
SED during the 2000 outburst, we are able to interpolate 
the NIR and radio synchrotron power laws to infer v^. Here 
in the 2005 SED, the radio spectrum has a very similar flux 
and spectral index to the 2000 SED, whereas the NIR flux 
and spectral index are quite different, resulting in a jet break 
at z^b = (4.5±0.8) x 10 12 Hz, a frequency almost one order of 
magnitude lower than for the 2000 SED. This demonstrates 
that even though the radio spectra are very similar, the to- 
tal radiative power of the jet can vary substantially due to 
the changing conditions near the jet base. 



2.4 GS 1354-64 

In 1997 this BHXB exhibited a hard state outburst. Evi- 
d ence for a NIR excess ab ove the disc spectrum was reported 
in lBrocksopp et all (|200ll ). and they point out that its origin 
is likely to be synchrotron because the flat radio spectrum 
extrapolates to the same level of flux as this excess in the 
NIR. Here, we take data observed on MJD 50772-4, when 
radio, NIR and optical data were acquired. The NIR (J- to 
if-band; 1.2-2.2 (im) SED is flat; too flat (a w 0) for opti- 
cally thin synchrotron emission even after subtracting any 
disc contamination. The radio SED has a power law of in- 
dex a = —0.22 ± 0.21 on this date which, extrapolated to 
the NIR is consistent with the flat NIR SED (see Fig. Id; 
note that the highest frequency radio data point is lower 
than the others, which may imply a more complex SED. If 
this point is removed the radio SED is much flatter). The 



jet break must therefore lie at frequencies higher than the 
if -band (2.2 (im). 



2.5 4U 1543-47 

Synchrotron emission in the NIR/optical has been seen to 
quench during the soft state and return in the hard state 
in this BHXB (|Buxton fc BailvnlfeOQ^ iKalemci et"al]|2005l ; 
iRussell et al]|2007bl ). During the soft state of the 2002 out- 
burst, the light curve could be d escribed by an exponen- 
tial decay l|Buxton fc Bai lyn 2004). Radio observations were 
performed during the hard state decline of the outburst on 
MJD 5 2490. The radio spe ctrum appeared flat/slightly in- 
verted (|Kalemci et al.ll2005l ). Here, we use the published op- 
tical/NIR light curves to subtract the disc component from 
the optical/NIR flux on the date of the radio observations. 
Fig. 2 shows the light curve, with exponential decay fits 
to the soft state data in each band (see figure caption for 
details). This method of extrapolating the disc flux mea- 
sured in the soft state into the hard state was successfully 
adopted and used to mea sure the jet spectra l index in the 
deca ys of XTE J15 50-564 jRussell et al.l|2010l). XTE J 1752- 
223 (Russell et alj|2012l ) and GX 339-4 pincer et al.ll2012l ). 
The vertical dotted line indicates the date of the radio obser- 
vations; MJD 52490. From these fits, we measure a fractional 
disc contribution to the observed flux of 76%, 72%, 58%, 35% 
and 17% in the B-, V-, I-, J and if -bands (0.44-2.2 /im), 
respectively on the same date as the radio observation. 

In Fig. le the de-reddened radio to optical SED of the 
synchrotron emission is shown, after the disc emission has 
been subtracted. The optical/NIR SED has a spectral index 
of a = —0.83 ± 0.12, typical of optically thin synchrotron. 
The interpolation of the flat radio and optically thin opti- 
cal/NIR power laws infers possible jet break frequencies at 
v h = (1.1 ±0.5) x 10 14 Hz. 



2.6 XTE J1550-564 

This source was monitored regularly at optical/NIR w ave- 
lengths during its 2000 outburst |jain et al.1 1200 ll ). A 
strong component from synchrotron emission was evident 
at these wavelengths during the hard state, which disap- 
peared i n the soft state a nd reappeared in the hard state 
decline (|jain et all 1200 ll ; IRussell et all l2007bl . l20ld ). Al- 
thoug h few radio o b servat ions were made during this out- 
burst, ICorbel et alj (|200lh report a 4-band observation on 
one date shortly after transition to the fading hard state. 
The radio spectrum was inverted, consistent with a com- 
pact jet. The thermal contribution to the optical/NIR data 
in the fading hard state wa s isolat ed from the jet synchrotron 
emission by IRussell et al.l (|2010l ). by subtracting the expo- 
nential decay of the thermal flux in each filter. In Fig. If the 
SED of the jet on the dat e of the radio observa tion is shown. 
This is similar to fig. 8 in IRussell et all |2010l ) but here, the 
thermal flux has been subtracted. The spectral index of the 
optical/NIR jet flux on this date was a = -1.26 ±0.09. The 
jet spectral index evolved from this moderately steep value 
(possibly representing a thermal distribution of electrons) 
to values of a ~ —0.7 (more typically of optically thin syn- 
chrotron) d uring the initial ph ase of the hard state decay 
(see fig. 2 of IRussell et al.ll2010l ). By interpolating the power 
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law fits to radio and optical/NIR jet emission, we find that 
the jet break must lie at a frequency of v\, = (6.3±4.0) x 10 13 
Hz at this time. 

An optical/NIR SED of XTE J15 50-564 from i ts 200 3 
hard state outburst was presented in IChatv et all <|201ll ). 
The de-reddened SED (see their fig. 3) is consistent with op- 
tically thin synchrotron, but a slight flattening at the lowest 
NIR frequencies implies the jet break may be around ~ 10 14 
Hz at this time, but could exist at lower frequencies. It can- 
not reside at higher frequencies than J-band (1.3/im). No 
radio data were taken at this epoch so here we adopt an 
upper limit of the jet break frequency, of ^ 2.4 x 10 14 
Hz (J-band). Since the Ks-hanA (2.2/im) flux is likely to be 
close to the peak flux, we adopt a peak jet flux of 1-2 times 
the observed de-reddened Ks-b&nA flux. 



2.7 GX 339-4 

The fi rst claim of a de t ection of a jet break in a BHXB 
was in lCorbel fc Fenderl (|2002h . where the SED of GX 339- 
4 showed a characteristic reduction in flux in the J-band 
(centred at 1.3/im) compared to H- and if-bands (1.7 and 
2.2/im) in the NIR. The NIR flux level was consistent with 
the extrapolation of the radio power law, during a hard state. 
We include this SED in our analysis, an d refer the reader to 
figs. 1 and 2 of lCorbel fc Fenderl {2002) for the SED. 



More recently, Gandhi et al.l l|201ll ) found a dramat- 
ically variable jet break from time-resolved mid-IR data 
taken with the Wide-field Infrared Survey Explorer (WISE) 
satellite during a bright hard state in 2010. Thirteen mid- 
IR SEDs (4 bands simultaneously observed within the 3.4- 
22 /xm wavelength range) of the source within 24 hours in- 
dicated high-amplitude hour-timescale variability, including 
shifts in the jet break frequency by one order of magnitude 
at least through this wavelength range. Here we take the 
jet break frequency and flux values from epochs 12 and 13, 
where the jet break was seen directly in the mid-IR SED 
(fig. 3; iGandhi et~aT]|201 ll) . In our analysis we also indicate 
the full range of possible jet break frequencies measured 
from the WISE data. The broadband SED, including ra- 
di o, NIR, optica l , UV and X-ray data is presented in fig. 1 
of iGandhi et~ai1 (|201lh . 



2.8 XTE J1752-223 

There is evidence for synchrotron emission contributing to 
the op tical/NIR flux of XTE J1752-223 during its 2010 out- 
burst (|Curran et alj|201ll ; IRussell et all 120121 ). During the 
outburst decay, the light from the disc and jet were sepa- 
rated using the extrapolation of the expone ntial decay of 
the d isc flux as measured in the soft state (|Russell et al.l 
2012). The optical spectral index of the jet emission varied 
during the decay. On one date near the end of the outburst 
(MJD 55378), optical and NIR data were acquired and a 
spectral index of the jet could be measured; a — —1.0 ± 0.3, 
which is consistent with optically thin synchrotron emis- 
sion (this SED of the jet is shown in green in fig. 7 of 
IRussell et a"Hl2012l ). No radio data were taken on the same 
date, so we cannot measure the jet break frequency directly. 
However, the jet break must exist at a frequency lower than 
_ff-band (1.7 nm) for the optical/NIR SED to be optically 



thin (the Tfs-band 2.2/im disc-subtracted flux is not well 
constrained). The peak jet flux density cannot be measured 
accurately. We take its lower limit as the _ff-band (1.7/xm) 
flux lower limit, and its upper limit as two times the //-band 
upper limit. The radio flux at this time is likely to be less 
than 0.3 mjy bec ause the radio source was decaying (see e.g. 
iRatti et al.l 20121 ) and this was its flux two weeks prior to 
this epoch. If the peak jet flux in IR was brighter than two 
times the //-band upper limit, this would produce a very 
inverted radio-to-IR spectrum (the radio-to-optical spectral 
index was measured to be a ~ +0.05 two weeks before this). 
We therefore constrain the jet break to be at ^ 1.8 x 10 14 
Hz with a peak flux density of 0.36-2.28 mjy. 

2.9 V4641 Sgr 

This BHXB had a very bright, rapid outburst in 1999, fol- 
lowed by a number of fainter ones several years later. Optical 
flares seen from this BHXB h ave been proposed t o originate 
from synchrotron emission jUemura et al.ll2004al lbl). Radio, 
NIR and optical data were taken on one date (MJD 51437.9- 
51438.2) during the 1999 outburst, and we present this SED 
as blue solid triangles in Fig. lg (see Table 1 for data refer- 
ences). The companion star in this system is fairly bright, 
and we subtract the known phase-depe ndent companion sta r 
flux from the total flux in each band |Chatv et al.ll2003bl ). 
Here, the radio spectrum is optically thin, and the source 
was not in the canonical hard state at the time. The optical- 
NIR (non-stellar) SED is blue and is not close to the extrap- 
olated radio jet power law. 

Optical and radio data were also acquired on the same 
date, MJD 52857 during the 2003 out burst of this source. Al - 
though the optical flux varied rapidly. [Uemura et al.l |2004bh 
presented simultaneous B and i?-band data (4400Aand 
6400 A). The source is bright in both optical and radio at 
this time, and the companion star only contributes ~ 10 per 
cent of the optical flux. The non-stellar optical SED has a 
slightly negative spectral index this time, and is not consis- 
tent with thermal emission. The radio spectral index within 
0.4 day s of the optical obs ervation was measured very accu- 
rately l|Rupen e t al. 2003]), and extrapolates to exactly the 
level of the optical flux (black circles in Fig. lg). We note 
that on a different date, MJD 52419 in 2002, a four-band 
optical SED was obtained and shows a much bluer, slightly 
brighter non-stellar spectral slope (blue crosses in Fig. lg; no 
radio data were available on this date and the X-ray spectral 
state is uncertain). If thermal emission dominated the opti- 
cal flux on MJD 52857, we would expect its SED to be blue 
like it is on MJD 52419. Instead, the optical spectral index 
(q = —0.27 ± 0.11 is consistent with being the same as the 
radio spectral index (a = —0.16 ± 0.01) within errors, and 
the optical flux lies on the accurately measured extrapolated 
radio power law. We therefore interpret this optical emission 
as originating in the jet. The SED favours the scenario of 
the jet break residing at higher frequencies than the optical 
bands, but the optical spectral index is < 3er away from val- 
ues expected from optically thin synchrotron, so we cannot 
rule out this possibility. However, the jet break cannot be 
at frequencies lower than the optical 7?-band because the 
optical jet emission would not lie on the extrapolated radio 
power law if this were the case. We can therefore constrain 
the jet break frequency to be higher than the frequency of 
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fl-band (6400A) on MJD 52857; v h > 4.7 x 10 14 Hz. On 
the other two dates, we cannot constrain the jet break from 
these data. 

2.10 MAXI J1836-194 

This BHXB, discovered in 2011, was detected brightly in 
the NIR-mid-IR regime (2-12 ym) using VISIR on the VLT, 
when it was in the hard state jRussell et al.ll2011ch . On MJD 
55845 the source was brightest, with a 12 /im detection of 
57±1 mjy and the spectral index was measured to be consis- 
tent with optically thin synchrotron emission. The jet break 
must therefore reside at a lower frequency than this mid-IR 
band; u h < 2.5 x 10 13 Hz. 

2.11 Cyg X-l 

Cyg X-l is a high-mass X-ray binary and a persistent source 
that usually resides in the hard state but occasionall y per - 
forms state transitions to a softer state. iRahoui et alJ l)201lT ) 
present mid-IR Spitzer spectra on three dates in different 
states. Although the SED is dominated by the bright O star 
companion, the flux is found to be variable between dates. 
They fit the spectrum using a model of the stellar contin- 
uum, the compact jet and an additional power law from 
bremsstrahlung emission from the wind of the O star. For 
their observation 1, the best fit (with the lowest reduced \ 2 ) 
is with a broken power law from the compact jet (fixing the 
optically thin spectral index to a = —0.6), with a jet break 
frequency of u b = (2.70 - 2.94) xlO 13 Hz. The jet break 
is not directly visible in their spectrum, and the raw jet 
spectrum (after subtracting the stellar and bremsstrahlung 
contributions) is not presented. Instead the jet break is in- 
ferred via spectral fitting by assuming a broken power law 
with zero curvature. We include this claimed jet break in 
our analysis. It is relevant to note that in GX 339-4 (and in 
AGN) the break is smoothly curved ove r a factor of at least 
a few in frequency l| Gandhi et alj|2~01lf ). 

2.12 V404 Cyg 

During its 1989 outburst, V404 Cyg was a bright X-ray, op- 
tical and radio source. A 3-band radio SED and a 9-band 
optical-NIR SED (spanning > 1 order of magnitude in fre- 
quency) were acquired almost simultaneously on MJD 47676 
near the outburst peak (see Table 1 for data references). The 
radio and de-reddened optical-NIR flux densities exceeded 
1 Jy, and the brightest optical/NIR reddened magnitudes 
were V = 12.2; K = 7.7; L' = 7.2 (0.05, 0.55 and 0.33 mjy, 
respectively). The radio SED is typical of optically thin syn- 
chrotron at this time, and indeed the optical-NIR SED is 
blue and can be described by a power law of index a = 1, 
with no evidence for any IR excess (blue crosses in Fig. lh). 
The source was not likely to have been in the canonical hard 
state at this time. 

Later in the outburst the radio spectrum evolved to 
a flat /inverted one typ ical of a hard state compact jet 
|Han &; Hiellminelll992f ) and the X-ray spectrum was hard. 
On MJD 47728-47729 a 5-band optical-NIR SED was ob- 
tained within 1.1 days of a 3-band radio SED (see Table 1 
for data references). On this date the radio spectrum was 



inverted, and the optical-NIR SED was red, and inconsis- 
tent with a single power law (black crosses in Fig. lh). The 
optical-IR SED was well fitted by a broken power law; a 
flat (q = -0.04 ± 0.08) SED in the IR joining a redder 
(q = -0.89 ±0.11) SED in the optical regime. The SED 
can be well described by a jet break. The self-absorbed syn- 
chrotron regime is breaking to optically thin synchrotron 
around the i/-band (1.7/xm) in this SED. The optical-NIR 
SED cannot be fitted by a blackbody and cannot be ex- 
plained by thermal emission. We infer a jet break frequency 
of Vb = (1.8 ± 0.3) x 10 14 Hz. 

Interestingly, the SED requires a slight curvature, or 
a second break between radio and IR. This curvature has 
been seen in some compact jets of AGN and is also con- 
sistent with theoretical SEDs of co mpact jets produced by 
some models and simulation s (e.g. iPe'er fe Casellal 120091 : 
Ijamil. Fender fc KaiserfeoiOl . see also above). The existence 
of curvature or a broken power law describing the optically 
thick spectrum has implications for our method of assuming 
a single power law for most sources studied here. The pos- 
sible effects this has on our results is discussed in Section 
3.2.3. 

V404 Cyg also has a well sampled quiescent SED, with 
radio, mid-IR, NIR, optica l, UV and X-ray fluxes measured 
llMuno fc Mauerhanl 120061 ; iGallo et all 120071 ; iHvnes et al] 
2009). The companion star dominates the whole mid-IR to 
UV SED but an excess at 24 fim has a similar flux density 
to the quiescent flat radio spectrum. The spectral index of 
this excess could not be measured, and its origin is unclear, 
so we cannot constrain the jet break in V404 Cyg in quies- 
cence. Note that the flux of the companion star produces a 
negligible amount of flux in the above SEDs from the 1989 
outburst. 

2.13 The neutron star source 4U 0614+09 

After the first claim o f the direct detection of a jet break 
in a XB, in GX 339-4 l|Corbel fc FenderH2002T ). 4U 0614+09 
was the next, and the first (and to date the only) secure 
detection of the jet break i n the SED of a neutron star XB 
( Migli ari et al] I2006I . |2010T ) . The source is pers i stent, and 
normally resides in the hard state. iMigliari et al] |2010h col- 
lected quasi-simultaneous radio, mid-IR, NIR, optical, UV 
and X-ray data and discovered the jet break exists between 
two Spitzer bands (8 and 24 /im), at v h =(1.25 - 3.71) x 10 13 
Hz. We add this jet break to our analysis in order to compare 
our BH sample with a neutron star XB. 



3 RESULTS AND ANALYSIS 

We have measured directly, constrained, or inferred up- 
per/lower limits on the jet break frequency in nine BHXBs. 
Together with constraints from three additional BHXBs re- 
ported in the literature and one neutron star source, we can 
for the first time study the distribution of jet break fre- 
quencies and test for a relation between jet break frequency 
and luminosity. From our spectral fits we infer the range 
of possible peak jet fluxes (i.e. the flux at the jet break) 
and we take published quasi-simultaneous X-ray luminosi- 
ties (for data references see Table 1). In Table 2 we present 
our results; all jet break frequencies, luminosities, optically 
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log (v b ; Hz) log (v b ; Hz) 



Figure 3. Jet break frequency versus jet break monochromatic luminosity (left panel) and X-ray luminosity as a fraction of the Eddington 
luminosity (right). The predicted relations (and their errors) as defined by equations (10) and (4) are shown, as is the best power law fit 
to the black hole data in the left panel (equation (13)). 



thick and thin power law indices, and X-ray luminosities are 
tabulated. 

In the following subsections we compare the distribu- 
tion of jet breaks and the global relation between jet break 
frequency and luminosity in the context of the relations ex- 
pected theoretically. We also test for a global correlation 
between the luminosity at the jet break and the X-ray lumi- 
nosity, and constrain the likely contribution the synchrotron 
jet has to the observed X-ray luminosity. 

In Fig. 3 the jet break frequency Uh is plotted against 
peak jet monochromatic luminosity (left panel) and bolo- 
metric luminosity (in Eddington units; right panel) for each 
constraint discussed in Section 2. We define the monochro- 
matic luminosity as the luminosity in erg s _1 divided by the 
frequency (i.e. flux density scaled for distance); L v = L/u oc 
F V D 2 . The fairly large errors in L v and I/x/^Edd for some 
sources are a result of the uncertainties in the distance (and 
BH mass which is required to calculate L^dd) but are neces- 
sary to include L v to compare between sources. 4U 0614+09 
is also included in Fig. 3 in order to compare BHXBs to a 
neutron star source. 

3.1 Jet break distribution 

The range of jet break frequencies spans more than two 
orders of magnitude, even at similar jet (and bolometric) 



luminosities. The jet break with the lowest frequency is 
that of XTE J1118+480 during its 2005 outburst; v h = 
(4.5 ± 0.8) x 10 12 Hz at L x = 10" 3 L E dd- V4641 Sgr on the 
other hand, has a jet break at a frequency of ^b > 4.7x 10 14 
Hz, at L x ~ 0.1 /jBdd- 

The jet break can also shift in frequency by more than 
~ 1 order of magnitude for a single BHXB. It was estab- 
lished that this occ urs on timescales of hours in GX 339-4 
ijGandhi et alJl201ll ). Here we report a shift in the jet break 
in XTE J1118+480 from v h = (2.8 ± 0.6) x 10 13 Hz at one 
epoch in its 2000 outburst, to v h = (4.5 ± 0.8) x 10 12 Hz 
during its 2005 outburst at a very similar X-ray luminos- 
ity. The distribution of jet breaks peaks in the NIR, with 
~ 7 out of ~ 15 data points in the range log fb/Hz = 14.0 
- 14.5 (these values are approximate because of the uncer- 
tainties from the sources with upper or lower limits on Vb)- 
It is also worth noting that more than half of the 13 epochs 
for GX 339-4 were red (optically thin) with WISE in 2010 
jGandhi et al.ll201ll ). suggesting a break in the mid-IR, at 
frequencies probably around or below ~ 1.1 x 10 13 Hz. 
The one neutron star XB has a jet break in amongst the 
distribution, but at slightly lower frequencies than the av- 
erage BHXB. Due to small number statistics we cannot say 
if neutron star XB jet breaks are at lower frequencies than 
those of BHXBs. If jet breaks are found in more neutron 
star XBs then a statistical comparison can be conducted. 
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Table 2. Table of results: constraints on the jet spectral break. 



Source 


MJD 




Qthick 


Othin 


1 1 II \ 

log (i/b; Hz) 


(erg s — -'-Hz - 1 ) 




T IT 








Ref. 


Black hole XBs: 




























GRO J0422+32 






^ +0.5 


-0.70 + 0.30 


12.94 + 0.63 


(1.18 + 0.78) 


X 


10 18 


(7.06 ± 2.67) 


X 


io- 


8 


1 


A0620-00 






+0.19 + 0.01 


-0.70 + 0.20 


14.09 + 0.17 


(5.01 ± 1.04) 


X 


10 17 


(6.60 + 1.70) 


X 


10" 


9 


2 


XTE J1118+480 


51649 




+0.47 + 0.03 


-1.38 + 0.08 


13.43 ± 0.09 


(1.06 + 0.35) 


X 


10 21 


(1.33 + 0.25) 


X 


10" 


3 


1 


XTE J1118+480 


53386 




+0.53 + 0.02 


-0.83 + 0.04 


12.65 + 0.08 


(6.11 ± 1.37) 


X 


10 20 


(1.07 + 0.20) 


X 


io- 


3 


1 


GS 1354-64 


50772- 


4 


-0.22 + 0.21 




> 14.13 


(6.19 + 4.55) 


X 


10 21 


(5.53 + 4.47) 


X 


io- 


1 


1 


4U 1543-47 


52490 




+0.08 ± 0.03 


-0.83 ± 0.12 


13.98 ± 0.22 


(6.45 ± 2.69) 


X 


10 20 


(1.78 ± 0.47) 


X 


10" 


3 


1 


XTE J1550-564 


51697 




+0.36 + 0.11 


-1.26 + 0.09 


13.68 + 0.33 


(1.05 + 0.85) 


X 


10 21 


(4.50 + 1.48) 


X 


10" 


3 


1 


XTE J1550-564 


52750- 


1 






< 14.39 


(4.58 ± 2.50) 


X 


10 20 


(1.69 + 0.55) 


X 


10" 


2 


3 


GX 339-4 


50648 




+0.08 + 0.08 


- 


14.26 + 0.12 


(1.77+ 1.35) 


X 


10 21 


(6.23 ± 5.62) 


X 


iir 


2 


4 


GX 339-4 


55266° 




+0.29 ± 0.02 


-0.73 ± 0.24 


13.65 ± 0.24 


(1.93 + 1.49) 


X 


10 22 


(3.12 ± 2.81) 


X 


10" 




5 


GX 339-4 


55266° 








13.68 + 0.26 


(1.91 + 1.47) 


X 


10 22 










5 


GX 339-4 


55266° 




)I 




< 13.13 


> 4.53 x 10 21 




)! 








5 


GX 339-4 


55266° 




)! 




> 13.95 


> 2.06 x 10 21 




J) 








5 


XTE J1752-223 


55378 






-1.00 + 0.30 


< 14.26 


(9.00 ± 8.46) 


X 


10 19 


(1.20 + 0.87) 


X 


io- 


3 


6 


V4641 Sgr 


52857 




-0.16 + 0.01 




> 14.67 


(5.58 + 5.07) 


X 


10 21 


(8.07 ± 7.05) 


X 


io- 


2 


1 


MAXI J1836-194 


55844- 


5 




-0.68 + 0.02 


< 13.40 


_e 






_e 








7 


Cyg X-l 


53513 




+0.01 + 0.02 




13.45 + 0.02 


(7.10 ± 1.73) 


X 


10 19 


(7.47 ± 1.65) 


X 


io- 


3 


8 


V404 Cyg 


47728- 


9 


+0.39±0.10 / 


-0.89 + 0.11 


14.26 + 0.06 


(1.24 + 0.26) 


X 


10 21 


(1.91 + 0.15) 


X 


io- 


2 


1 


Neutron star XB: 




























4U 0614+09 


54038- 


12 


+0.03 + 0.04 


-0.47 + 0.15 


13.33 + 0.24 


(4.62 + 2.09) 


X 


10 18 


(2.05 + 0.63) 


X 


io- 


2 


9 



The columns are: source name, dates of observations, optically thick synchrotron spectral index, optically thin synchrotron spectral 

index, log(jet break frequency), monochromatic luminosity at the jet break, bolometric luminosity as a fraction of the Eddi ngton 
luminosity, and references. a ~ ""These refer to WISE observations 12, 13, 4 and 8 respectively, as given in lGandhi et al] (2011). e The 
distance to MAXI J1836-194 is unconstrained at this time, so luminosities cannot yet be calculated. ^The optically thick spectrum of 

V404 Cyg was best fit by a broken power law; c t t bj c k +0.39 + . 10 at radi o frequencies and «thick = —0 -04 + 0.08 at infrare d. 

References: (1) T his paper; (2)|Maitra et al] ll201l]): (3) [Chatv et aljfcOllft: C4)ICorbel fc Fenderl ||2002|): (5)lGandhi et al] l|201ll ): (6) 
IRussell et all J2012T) ; (7) IRussell et al] l l201ld) ; (8) iRahoui et al. I feoill ); (9) IMigliari etai] J2010]) . 



3.2 Relation between jet break and luminosity 

3.2.1 Theoretical prediction 

Standard theory of compact jets, app licable to both XBs and 
AGN (e.g. lBlandford fc Konigll 19791 ). predicts a positive re- 
lation between the jet break frequency and luminosity, and 
a negative relation between jet break frequency and black 
hole mass dFalcke fc Biermann ' 1995: Hei nz fc Sunvaev 



Markoff et al. 2003; Falckc et al. 2004; Migliari ct al 
Coriat et al]|2009l ; iMigliari et al]|2010l ; IRahoui et al 




if all other parameters are unchanged. Analytically, under 
some assumptions (see below) the jet break frequency is ex- 
pected to scale with jet power (i.e., total power contained in 
the jet, including radiative and kinetic power) as a power law 
relation; Vb oc Q 2 ^ and the jet luminosity in the fiat, self- 
absorbed part of the spectrum seen by the observer scales 
with the jet power as L v ; e t oc Q^J/ 12 jFalcke fc Biermann! 
1 19951 ; iMarkoff et all l2003j ; iFalcke et al.l l2004l ). resulting in 
the following relation: 



fb oc L 



8/17 



(1) 



An illustration of how the jet break chang es with lumi- 
nosity and with BH mass is shown in fig. 2 of Falck e~et al] 
(2004). These relations result from the derived dependency 
of the jet flux and jet break frequency on the mass ac- 
cretion rate rh. A constant fraction of the accreted mass 
is a ssumed to be channelled into the jets (Qiet oc rh; see 
also iKording et al] l2006j ; IMigliari et al] |2010| : IRahoui et al] 



l201ll ) 



Z/„jot oc rh 

and 

• 2/3 
Ub oc m ' . 



17/12 



(2) 



(3) 



In these models the radiative efficiency of the jet is as- 
sumed not to vary with luminosity, and the hard state is 
considered to be radiatively inefficient, with Lx oc rh 2 (this 
is appropriate for the direct jet synchrotron model and orig- 
inal advection dominated accretion flow model; see Section 
3.23 for alternatives). Thus, 



ri/3 
Ub oc L x ' . 



(4) 



It is important to note at this stage that Vb is also de- 
pendent on the magnetic field strength and the radius of 
the FAZ, both of which may differ between sources. This is 
discussed further in Section 3.2.3. 

A detailed analy tical model is presented by 
I Heinz fc Sunvaevl 12003). The jet break frequency de- 
pends on both the mass accretion rate and the lepton 
energy distribution in the flow, p (see their equation 14 and 
their following discussion): 



Vb oc m 2 <p+ 4 ) . 



(5) 



Similarly, at a constant m, Vb depends on both BH mass 
and p : 

u h ocM^. (6) 
From equation 13 of lHeinz fc Sunvaevl |2003l ). if the jet 
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power is a constant fraction of the accretion power then: 



3.2.2 Comparing to the observations 



( — - 

Lvjet oc rh y 12 



(7) 



where athick is the spectral index of the self-absorbed 
(optically thick) synchrotron spectrum. Note that here we 
retain the F v oc v a nomenclature, w h ich is not to be con- 
fused with that in iHeinz fc Sunvaevl (|2003l l in which they 
adopt F v oc v~ a . From equations (5), (6) and (7) the fo l- 
lowing relations can be derived (see also lCoriat et al]|2009tl . 
At a constant black hole mass but changing mass accretion 
rate: 



v h oc L 



(8) 



and at a constant mass accretion rate but a changing 
black hole mass: 



-6 



P + 2 



14, a I 



17 + 4 °thick p+ 4 
i/,jet 



(9) 



The lepton energy distribution can be measured di- 
rectly from observations, as the spectral index of the op- 
tically thin synchrotron emission is directly dependent on p; 
Qthin = (1 — p)/2. In most of the works mentioned above, 
p — 2 is assumed which, when substituted into equation (5) 
recovers the relation of equation (3). Observationally, athin 
has been measured accurately in some X-ray binary jets (e.g . 
iHvnes et al 1 l2006l : iMidiari et aT1l2010l : iRussell et af] 12010. 
see also Sections 1 and 2) and generally resides in the range 
athin ~ —1.0 - —0.5, which implies 2.0 ^ p ^ 3.0. Like- 
wise, for a purely flat spectrum, athlck = (which is nor- 
mally assumed) but observationally, radio SEDs of BHXB 
compact jets have spectral indices Qthick ~ 0-0 — 1-0-5 ( e.g. 
lHan fc Hiellmindl 19921 ; IShrader etlI]ll994l : lFendei<200ll . see 
also Section 2). We arrive at the following ranges of power 
law indices for the scaling relations, where the ranges encom- 
pass all possible values adopting these observational ranges 
of athin and a t hick- At a constant black hole mass but chang- 
ing mass accretion rate: 



, „ r0.53±0.08 

oc L v jct 



(10) 



and at a constant mass accretion rate but a changing 
black hole mass: 

,, ~ r-0- 2 3±0.02 fn\ 

oc L„ Jet . (11) 

The famou s radio-X-ray correl at ion for har d state 

BHXBs (e.g . ICorbel et all l2000l : iGallo et all 120031 ; 

llvlarkoff et all 120031 ) can be recovered from equations 
(4) and (10): 



Lv jet OC 



(12) 



This is consistent with the empirical global correlations 
of BHXBs, but there are also radio-faint systems that ap- 
pear not to follow the same rela tion (e.g. | Gallo et al.ll2006l . 
120121 ). In an independent model, [jamil et al" ( 2010T ) arrived 
at a very similar correlation as equation (10). Here, simula- 
tions of internal shocks in jets composed of discrete ejections, 
which take into account adiabatic energy losses in the jet, 
were able to reproduce the flat, self-absorbed radio to IR jet 
spectrum. The time-averaged SED produced by the simula- 
tions had a jet break frequency which scales with luminosity 

r ~0.6 
as fb OC -kyjet - 



We can compare equations (10) and (4) directly with the 
observations of jet breaks as shown in the left and right 
panels of Fig. 3, respectively. One would only expect these 
relations to explain the data of all sources if other param- 
eters that affect the jet break are the same for each source 
(see below). This is unlikely, as it is known that some vari- 
able parameters of the inflow (e.g. the disc temperature, disc 
inner radius) differ between sources at the same luminos- 
ity, and some fundamental parameters (e.g. the black hole 
mass) also differ between sources. Nevertheless, the large 
range of jet breaks at similar luminosities prevents there be- 
ing one single relation between jet break frequency and lu- 
minosity. In addition, since two sources at Lx < 10 _7 LBdd 
possess jet break frequencies similar to the broad range seen 
at Lx > 10~ 3 I/Edd (right panel of Fig. 3), the predicted 
positive power law relation between luminosity and jet break 
frequency appears to be weak in the global sample (although 
we do not have more than a few data points for each source) . 

We fit a power lawj to the BHXB data in the left 
panel of Fig. 3 (neglecting the data which represent only 
upper/lower limits on Vb) and arrive at a best fit empirical 
relation: 



„ r 0.05±0.11 

oc L , et 



(13) 



This is a poor fit due to the two orders of magnitude of 
scatter in Vb at a similar luminosity. However this best fit 
to the sample implies the jet break frequency could be in- 
dependent of luminosity altogether (i.e., a power law index 
of zero), and the power law index is > 3er away from the 
expected relation of Vb oc L°'?f t ' 08 . The best fit is shown 
as a black line in the left panel of Fig. 3 (with errors in the 
slope shown as dotted lines). In both panels of the figure 
the theoretical relations are shown in grey. Since we are fit- 
ting a compilation of sources with typically one or two data 
points per source, we cannot rule out the theoretical pre- 
dicted relation being true for each source, but we can rule 
out a global relation applicable to all sources. It may be that 
some sources could obey the theoretical relation, but have 
different normalizations. This could be due to different val- 
ues of the magnetic field strength or the radius of the FAZ at 
the same luminosity between sources. Other parameters are 
likely to be changing on short timescales, and the global ex- 
pected relation appears to be lost in the short term changes. 
This may be why the jet break of XTE J1118+480 was seen 
to differ by a factor of 10 in frequency on t wo dates with 
very s imilar luminosities (Fig. 3). In addition. iGandhi et alj 
(2011) showed that Vb shifted by a factor of 10 in frequency 
on hour timescales in GX 339-4 while the X-ray luminosity 
remained largely unchanged on the same timescale. 

We note that the best power law fit to the global com- 
pilation of sources is sensitive to the two data points at low 
luminosity. While the jet break of A0620-00 in quiescence 
has been observed directly, the jet break of GRO J0422+32 
is inferred via interpolation, and its error bars are large be- 
cause we can only infer limits on the spectral index and 



2 We swap the axes in order to perform the fit so that the in- 
tercept is not a very small or very large number (we are fitting 



^bC-^fjet) as opposed to Li/,jet 
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normalization of the optically thick spectrum. The large er- 
rors in Vb for GRO J0422+32 are not la however (they do 
not represent one standard deviation assuming a Gaussian 
distribution of possible values of Vb), and the break must re- 
side in the frequency range indicated, for all possible values 
of ccthick and radio luminosity. More jet breaks identified at 
low luminosities would be beneficial to better constrain the 
best fit relation. 



3.2.3 The source(s) of the scatter 

Jet models predict the jet break frequency to depend not 
only on the mass accretion rate, but also on the BH mass, 
magnetic field strength in the flow (B) and t he scale height 
of the launching region (the FAZ), Rfaz- In iGandhi et al.l 
l|201ll ) the hour-timescale variability of the jet break fre- 
quency was interpreted as dramatic changes in one or both of 
these two latter parameters. The exact relations are model- 
dependent, but are derived from standard jet theory. The 
relations derived are Vb oc B and Vb oc Rp AZ (see e.g. equa- 
tions (1) and (2) of IChatv et~ai1l201ll ). The magnetic field 
and the acceleration zone are both also expected to vary 
with mass accretion rate. Here, we explore a number of pos- 
sibilities that could change the theoretical global relation. 

BHXBs with different BH masses: The BHXBs in our 
sample will have BHs of differing masses. Due to equation 
(11), we expect some scatter of the jet break frequency be- 
tween different sources at the same luminosity if they have 
different BH masses. Here we assess whether this could ex- 
plain some of the observed scatter in Fig. 3. All BHXBs 
in our sample have BH masses between 3 and 30 Mq (a 
conservative range which encompasses all error bars in all 
BHs in Table 1). We can calculate the maximum scatter 
due to these different BH masses thus. Taking all likely elec- 
tron energy distribution values (p = 2 to p = 3), equation 
(6) gives the maximum difference in Vb between one BHXB 
with Mbh = 3Mq and one with Mbh = SOMq, of a factor 
of 5.5. So the different BH masses in our sample can theoret- 
ically shift the jet break frequency by no more than a factor 
of 5.5 (0.7 dex) between two BHs at the same luminosity. 
This is significant, and some of the scatter may be due to 
the different BH masses, but this cannot explain the much 
broader range of jet break frequencies observed at the same 
luminosity. 

Individual ejections and internal shocks: In the hard 
state, there is strong variability in the accretion flow from 
hours down to less than seconds (typ ically ~ 40 per cent 
rms variability in the X-ray luminosity; iMunoz-Darias et al.l 
120101), which is wel l correlated with the jet IR variability 
( Casella et aHl2010l ). It has been sho wn that the jet brea k 
shifts on hour timescales in GX 339-4 (|Gandhi et al.ll201ll) . 
which is not as rapid as the accretion rate changes that cause 
the fast variability. Since the size of the emitting region at 
the jet break is likely to be light seconds across, these hour- 
long variations cannot be due to individual plasma ejections. 
Discrete jet 'shells' with different velocities in the flow pro- 
duce additional synchrotron emission when they collide (aka 
'internal shocks') and this could be on timescales of hours, 
but are likely to produce emission at lower freq uencies than 
the je t break frequency, as the plasma cools fsee lJamil et al.l 
l20ld . for simulations of individual ejections and the broad- 
band SEDs they produce). Sub-second variability has been 



detec ted from the optically thin emission (e.g. ICasella et all 
|2010j), which can only come from regions close to the BH, 
not from collisions downstream. Individual ejections and in- 
ternal shocks are therefore unlikely to be responsible for the 
hour-long variability of the jet break seen in GX 339-4, nor 
the longer timescale global scatter in the jet break frequency. 
Vb dependent on B: 

Most jet models explored predict the magnetic field 
strength to decrease with distance 2 along the length of the 
jet, due to the lateral expansion of the jet along its axis, 
and magnetic flux conservation. In t he seminal model of 
compa ct, self-absorbed jets explored by Blandfor d fc Konigll 
(1 979 ). a conical jet with constant flow velocity has radius 
r{z) linearly proportional to z, and thus B oc z~~ x . The 
self-absorbed synchrotron spectrum from a given segment 
of this ideal jet will peak at a frequency that is inversely 
proportional to 2 (e.g. [Blandford fc Kon igl 1979). The mag- 
netic field strength will therefore scale linearly with the fre- 
quency of the jet break, which represents the peak emis- 
sion from the smallest radiating scale in the jets. Further- 
more, if the internal pressures depend linearly on the accre- 
tion rate, then this break frequency would be expected to 
scale as Vb oc m 2//3 for sources with the same mass, again 
for the idealized case (see, e.g.. iFalcke fc. Biermannl 1 19951 ; 
iMarkoff et~al]|2003l ; ISeinz fc Sunvaevll2003l). 

Using such ideal assumptions, IChatv et all (120111 ) de- 
rived the relation B oc iA)L~^ (their equation (1); see also 



IGandhi et al.ll201ll) . This analytical solution was found by 
solving for the flux of the synchrotron emission at the jet 
break as a function of the synchrotron absorption coefficient, 
the o ptically thin emissivity and the size of the emitting re- 
gion i|Rvbicki fc Lightmanl 19791 ). assumed to be a homoge- 
neous, cylindrical jet seen sideways. Using such relations, the 
magnetic field strength can be estimated to within a rough 
factor based on direct measurement of the jet break. 

In reality, the exact dependence of r(z) will depend on 
the balance of the internal and external pressures, and in- 
terpretation will thus be model dependent. For instance, a 
strongly externally confined jet would be expected to have 
smaller jet op ening a ngles resulting in a less rapid decrease of 
B with z (e.g. [Kaiser 2006|). If internal or external pressures 
vary between sources or in time for a particular source, this 
could also vary the magnetic field strength and configura- 
tion. It is thus not too surprising that the idealized relation 
B oc JAjL~^ is hidden in the scatter between sources as 
shown in Fig. 3, which implies that these sources are not 
strictly self-similar. In order to unearth meaningful trends, 
these data sets must be fit by the same model, to deter- 
mine whether a consistent interpretation linking the breaks, 
magnetic fields and source characteristics can be found. We 
are planning to carry this out in future work. Essentially, 
we find that different magnetic field strengths in different 
sources could reproduce the observed scatter in jet break 
frequencies seen in Fig. 3. 

It is worth n oting that in a relate d work, 
iPe'er fc Caseilal (|2009l ) and lCasella fc Pe'erl |2009l ) consider 
a jet which is accelerated once at its base; here it was 
found that above a critical magnetic field strength, ~ 10 5 
G (this varies depending on other parameters), electrons 
rapidly cool, producing suppressed radio emission but 
enhanced optical/IR emission. From constraints on the jet 
breaks in GX 339-4 and XTE J1550-564, magnetic field 



© 2012 RAS, MNRAS 000, [QUO] 



Jet breaks in black hole X-ray binaries 15 



strengths of ~ 1-5 x 1 4 G were reported |Gandhi et al.l 



l201ll ; ichatv et al.llioill '), slightly below, but close to, this 
critical value. The scatter in Fig. 3 implies that there 
is likely to be a large range in magnetic field strengths 
between sources. For some BHXB s with the higher jet 
break frequencies the critical value (|Casella fc Pe'erl I2009T ) 
may be reached, implying that a flux enhancement could 
exist in the optical/IR regime. While no enhancement is 
seen in our sample at these wavelengths (since we measure 
IR spectral indices which are negative; see Table 2), this 
scenario cannot be ruled out if the enhancement is at higher 
or lower frequencies than those sampled in each SED (see 

below regarding more comp lex SEDs). 

Vh dependent on Rfaz '■ iMigliari et al.l (|2010l ) point out 
that the jet break frequency scales as v\, oc m 2 ^ 3 R^z ( a re ~ 
vised version of equation (3)) and that the radius of the FAZ 
is d ependent on the inner radius of the accretion disc (see 
also lFalcke et alj|2004 IChatv et al-I^OHl ). The inner radius 
of the disc (Rdisc) can be constrained from X-ray observa- 
tions, and it is known that at lower luminosities in the hard 
state the disc bec omes more truncated . Using data from a 
wealth of BHXBs. ICabanac et al.1 (2009) derive an empirical 
relation between the inner disc radius and the X-ray lumi- 



nosity in the hard state: -Rdisc or L. 



-1/3 



If the radius of the 



FAZ is directly anchored to the inn er edge of the disc the n 
one expects -Rfaz oc Rdisc (see also lPe'er fc Markofill2012T ). 



and hence from equation (4), v\, oc L% 3 R^ Z oc Lt[° . Tak- 
ing this dependency of -Rfaz on m into account results in a 
steeper relation between jet break frequency and luminosity, 
and so is unlikely to be the case. 

The opening angle of the jet plasma entering the FAZ 
also affects the radius of the FAZ. This opening angle, 
and how it varies with mass accretion rate, is unknown, 
but has been seen to be qui te wide (~ 60°) in one AGN 
l|junor. Biretta fc Livioll 19991 ). 

An alternativ e relation proposed for GX 339~4 '■ 
iNowak et al.l ((2005) perform broken power law fits to quasi- 
simultaneous radio and X-ray data of GX 339-4 in its hard 
state. The jet break frequency is constrained here by the 
interpolation of the two power laws, and an empirical cor- 
relation is found; oc I/ X ' 91 (see their fig. 3). This rela- 
tion is steeper than the theoretical relation in equation (4). 
INowak et al.l (|2005T ) adopt the assumption that the optically 
thin jet synchrotron emission is the origin of the X-ray power 
law. This may be the case at some X-ray luminosities in 
the hard state, but may not be the case for all luminosi- 
ties. Such a steep relationship extrapolated to low luminosi- 
ties would imply a jet break in the radio domain or even 
lower frequency in quiescence; much lower frequencies than 
observed. Correlations between IR and X-ray luminosities 
favour a different relationship between jet break frequency 
and luminosity in GX 339-4 (|Coriat et al.l 120091 '). Multiple 
detections of the jet break in GX 339-4 over an outburst 
cycle would be useful to test these, and the theoretical rela- 
tions. 

Relaxing the assumption of a radiatively inefficient hard 
state: Some BHXBs appear too faint in radio compared to 
the normal radio-X-ray co r relation for hard state BHXBs 
(e.g. ISoleri fc Fender! l201ll ; iGallo et al.1 l2012l l. Data from 
several outbursts of the BHXB H1743-322 indicated that 
at moderate luminosities this is a radio-faint BHXB, but 
that the radio-X-ray correlation steepened at high lumi- 



.2/3 



nosities in the hard state to a co rrelation expected for a 
radiatively efficient accretion flow (|Coriat et al.l 120111 ). We 
may therefore consider radiatively efficient accretion flows in 

the hard state here. In this scenario, Lx oc m, which leads 

2/3 

to fb oc L x • This is a much steeper correlation than the 
observations suggest. 

Relaxing the assumption of a constant jet radiative ef- 
ficiency: If the fraction of jet kinetic energy which is radi- 
ated away (77) varies with accretion rate, this will change the 
correlations and scaling relations. Specifically, the L Vt j ct oc 
<2jet relation breaks down in this scenario. Let us consider 
a jet radiative efficiency which scales as a power law relation 
with mass accretion rate; n oc mP . We therefore have Lx oc 
m 2 (unchanged) and L„, jct oc r)rn l7/vl oc m' 3+(17/12) . The 
revised relations between jet break frequency and luminos- 

ity would then be vt, oc L x (as before) and v\, oc 2 ^ 17 . 
We can immediately see that since the relationship is 

unchanged, the distribution of jet breaks in the right panel 
of Fig. 3 is not affected by a changing jet radiative efficiency. 

If we consider only the ^b-L^jet relation, using the best 
fit to the data (equation (13)) we find 12 p+i7 ~ 0-05, hence 
/3 ~ 11.9. This implies an extremely strong dependency of 
radiative efficiency on mass accretion rate globally, which is 
likely to be unphysical. It also predicts a very steep cor- 
relation between jet and X-ray luminosities, of the form 
L Vy jct oc Lx 7 which, as we will see below, is inconsistent with 
the observations. Different jet radiative efficiencies in differ- 
ent sources could introduce scatter in the v^-L^^t plot, but 
not the Vb-Lx plot. Since the observed scatter is similar in 
both plots (Fig. 3), it is unlikely that this is a main source 
of the scatter. 

More complex SEDs: In order to identify the jet break, 
for many sources it was necessary to interpolate radio 
and IR/optical power laws. This assumes the jet spec- 
trum can be described approximately by a broken power 
law (see Section 2). This is the c l assical model for com- 
pact iets dBlandford fc Koniglll 19791 ; iHeinz fc Sunvaevll2003l ; 
iFalcke et al.ll2004h but more complex models have been de- 
veloped. Some models predict an extra excess of emission in 
the SED at a frequency ne ar the jet break |Markoff et al.l 
120051 ; IPe'er fc Casellal 120091 '). whereas some argue the fiat 
optically thick spectrum is difficult (but not impossible) to 
reproduce th eoretically, if adiabatic energy losses are taken 
into account (|Kaiserll2006l ; I Jamil et aUl201Ch . 

We note that the jet break directly observed in V404 
Cyg actually requires two power laws (or a curved spectrum) 
between radio frequencies and the jet break. Without the 
IR data, we would have interpolated the radio and optical 
power laws assuming one break, and arrived at a jet break 
~ 0.5 dex lower in frequency than the one observed. This 
demonstrates some scatter in Fig. 3 may be due to more 
complex SEDs. 

We conclude that variations of the magnetic field 
strength and/or the radius of the FAZ on timescales gen- 
erally shorter than the outburst timescale likely introduce 
some of the scatter in the observed relation between jet 
break frequency and luminosity. The inner disc radius does 
not change rapidly so if the FAZ is anchored to the inner 
disc radius, then it is more likely that the magnetic field is 
the quantity that is varying rapidly. It may also be that the 
flat optically thick regime may not be well approximated by 
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Figure 4. Upper panel: Monochromatic luminosity of the jet at 
the jet break frequency versus X-ray luminosity in Eddington 
units. As well as detections of the jet break, jet break monochro- 
matic luminosities constrained from upper/lower limits on the jet 
break frequency are also included. Lower panel: Luminosity of 
the jet at the jet break frequency versus X-ray luminosity. Here, 
only secure detections of the jet break are used so that the most 
accurate measurements are used only (no upper or lower limits 
on v^o are included; this is the reason for fewer data points ap- 
pearing in the lower panel). The BHXBs that follow the 'normal' 
radio-X-ray correlation ('radio-bright' BHXBs) are shown as sep- 
arate symbols to BHXBs that appear to be radio-faint compared 
to this correlation, or appear to lie (or switch) between the two 
luminosity tracks (e.g. lGallo et al1l2012T ). 



a single power law in some cases. In this scenario, interpo- 
lation of the optically thick and optically thin power laws 
may introduce some inaccuracies in our estimations of the 
jet break, which could introduce more scatter in Fig. 3. 

3.2.4 The radto-X-ray and jet break-X-ray correlations 

The radio-X-ray correlation becomes steeper for a radia- 
tively efficient flow; L u ^et °c L^ 29±0 ' 19 (where these errors 
are propagated from those in equation (10)). If a radia- 
tively efficient flow could exist in the hard state, this re- 
lati on can be tested directly against th e observations (see 
e.g. lCoriat et al.ll201ll ; lGallo et alj|2012l . for different radio- 
X-ray slopes found in some BHXBs) . In Fig. 4 the observed 
jet luminosity at the jet break versus the quasi-simultaneous 
X-ray luminosity is plotted. In the upper panel, monochro- 



matic jet luminosities are used against X-ray luminosities 
in Eddington units, for all the data considered in this pa- 
per. The best fit power law correlation to the BHXB data 
is I/^jot oc £^ 56 ±°- 05 ; clearly inconsistent with a radiatively 
efficient flow. The flow is consistent with being radiatively 
inefficient, as the correlation slope lies within the error bars 
of the expected slope in equation (12). We can also conclude 
that since I/ ra dio oc L^ 6 for the BHXBs that follow the classi- 
cal radio-X-ray correlation (e.g. lGallo et al.ll2006l ). the radio 
luminosity of the jet must scale approximately linearly with 
the jet luminosity at the jet break; L ra dio oc L v< - ]e %. Therefore, 
the spectral index of the self-absorbed synchrotron spec- 
trum, spanning from radio to the jet break, does not vary 
as a function of luminosity in the hard state. 

It is interesting to note that three sources appear too 
faint in L u jet in the upper panel of Fig. 4 compared to 
the correlation. The white circle is the neutron star XB 4U 
0614+09. Its jet break luminosity is > 2 orders of mag- 
nitude less luminous than most BHXBs at the same X- 
ray luminosity. Radio jets in ne utron stars are less lum i- 
nous than radio jets in BHXBs ilMigliari fc Fender! 12006 ). 
This confirms what was found by Russell et al.l (|2007c ); 
that the same appears to be the case for IR jets; IR jets 
in neutron stars are fainter than IR jet s in BHXBs (see 
also lMigliari, Miller- Jones fc Russellll201ll ). The two BHXBs 
that appear to have fainter jets than the correlation (both 
are around L x ~ 0.001-0.01 L E dd) are XTE J1752-223 and 
Cyg X-l. It is relevant to mention that both sources are 
(sligh tly) radio-faint BHXBs l|Gallo et al.ll2012l ; iRatti et all 
2012), so it is not unexpected that their jet breaks are also 
fainter than most BHXBs. 

In the lower panel of Fig. 4, the flux density of the jet 
at the jet break, scaled to distance (to compare between 
sources, and approximated by VbL u j e t; which requires a di- 
rect detection of the jet break, not an upper or lower limit 
on its frequency) is plotted against the bolometric luminos- 
ity, both in erg s _1 . This is a different relation, as L„,j ct is 
not measured at a fixed frequency, but this time is the total 
luminosity at the jet break, which may be a good indication 
of the total jet power (at least the total relative jet power 
between sources). A correlation with a very similar slope as 
measured in the upper panel of Fig. 4, Lj ct oc £^ 53 ± - 01 ; s 
measured from the population of BHXBs that produce the 
well known radio-X-ray correlation in BHXBs, with very lit- 
tle scatter (black filled circles in the lower panel of Fig. 4). 
The dotted line in this figure indicates where the jet lumi- 
nosity equals the X-ray luminosity. It implies that the jet 



luminosity exceeds the X-ray luminosity below Lx 



erg s 1 , which is consistent with je t dominated sources ex- 
isting at low luminositie s (see e.g. iFender. Gallo fc Jonkerl 
120031 ; iRussell et alJlioich . 

The BHXBs that appear radio-faint compared to the 
originally defined radio-X-ray correlation, or sources that 
appear to move between two luminosity tracks (crosses in 
Fig. 4), here have fainter jet break luminositi es than this 
corre l ation (we use the radio-X-ray diagrams of Gallo et al.l 
|2012| ; IRatti et al.ll2012l , to define which sources are radio- 
bright and which are radio-faint). This shows that the two 
luminosity tracks in the radio-X-ray diagram are actually 
reproduced in the jet break luminosity-X-ray diagram. The 
BHXBs which are radio- faint tend to also be IR-faint. 
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Figure 5. Predicted X-ray luminosity of the jet, if the syn- 
chrotron power law extends from the observed jet break to X- 
ray energies (we adopt F v oc i/~ 0,8 ) versus the observed X-ray 
luminosity. 



3.2.5 Predicting the X-ray luminosity of the jet 

Since we have measured the jet break frequency and its lu- 
minosity, we can directly infer the X-ray luminosity of the 
jet, under two assumptions. The first is that the optically 
thin power law extends to X-ray energies (the high energy 
cutoff, or the cooling break, resides at energies ^ 10 keV). 
This cooling break is hard to detect, but observations have 
favo ured a cooling break in the energy range ~ 2-50 keV 
(see lPe'er fc MarkofjlibTl for a recent discussion). The sec- 
ond assumption is that of the spectral index of the optically 
thin power law. For each measurement of the jet break, we 
compute the X-ray (2-10 keV) luminosity of the extrapo- 
lated optically thin jet spectrum assuming its spectral index 
is ctthin = —0.8 (a fairly typical spectral index). Adopting 
different values of Qthin would shift each predicted X-ray 
luminosity systematically by the same amount in log(Lx). 

Fig. 5 shows the predicted X-ray luminosity of the opti- 
cally thin jet power law plotted against the observed X-ray 
luminosity. For all BHXBs except those in quiescence, the 
predicted jet luminosity is approximately equal to, or less 
than the observed X-ray luminosity. Above the quiescent 
luminosity, all BHXBs have X-ray luminosities that are no 
brighter than ~ 10 times the predicted jet luminosity. The 
only exceptions are Cyg X-l, which is ~ 100 times more lu- 
minous, and the neutron star XB 4U 0614+09. ft has been 
shown that in both of these objects, the X-ray emission is 
very u nlikely to originate from synchrotron em ission from 
the jet (|Migliari et al.ll2010l ; iMalzac et alj|2009h . Fig. 5 con- 
firms this for these two sources. 

For most BHXBs, the jet luminosity underpredicts the 
observed X-ray luminosity by a factor of up to ten, imply- 
ing that the jet does not dominate the X-ray emission. This 
is consistent with the standard picture of the Comptonized 
cor ona producing the X-ray power law in the hard state (see 
e.g.|Gilfanov 2003, for a review) . We have here showed how- 
ever that the jet emission could typically contribute more 
than 10 per cent of the X-ray flux, if the cooling break does 
not reside at lower energies than the X-ray band. 

At L x ~ 10~ 3 L E dd, three sources (XTE J1118+480, 
4U 1543-47 and XTE J1550-564) have observed X-ray lu- 



minosities within a factor of two of the predicted jet lu- 
minosities. Empirical evidence has favoured a jet origin 
to th e X-ray emis s ion a t this luminosity in XTE J1550- 
564 jRussell et al l I2010T ). XTE J1118+480 was the first 
BHXB that was proposed to have a jet dominating the X- 
ray luminosity, and thi s was at a similar X-ray luminos- 
ity (|Markoff et al.1 120011 ). Fig. 5 suggests that the jet of 4U 
1543-47 may also have dominated its X-ray luminosity at 
Lx ~ 10" 3 . The data are broadly consistent with the sug- 
gestion that the jet does not dominate the X-ray luminosity 
above ~ 2 x 10~ 3 L Edd, but may do below that luminosity 
(|Russell et al.ll2010l ). 

The two quiescent BHXBs have observed X-ray lumi- 
nosities that are several orders of magnitude (three in the 
case of A0620-00) fainter than the predicted jet luminos- 
ity. For this to occur, the cooling break in the jet spec- 
trum must lie at energies much lower than the X-ray regime 
(^cooi <IC vx). It is possible that the optically thin spectral 
index becomes steeper (e.g. athin < —1.0) at lower luminosi- 
ties. A correlation was found between cvthin and luminosity 
for XTE J1550-564, in which it was as steep as a t hin = —1.5 
at the lowest luminosities as the jet first appeare d after the 
soft-to-hard state transition jRussell et al.ll201Cf ). 

It is also interesting that the measured X-ray spectral 
index of quiescent BHXBs is generally steepe r (—3 a ^ 
—2) than is typical for the hard state (e.g. ICorbel et al.l 
2006). Indeed, the observed spectral indices in quiescence are 
consistent with that expect ed from the jet at energ ies higher 
than the cooling break (e.g. iPe'er fc Markofj|2012h . Perhaps 
this implies that the origin of the X-ray e mission in quiescen t 
BHXBs is the jet (as predicted by, e.g. I Yuan fc Cup 120051 ') . 
but this is speculative. We can conclude that it is likely that 
the high energy break in the jet spectrum shifts from X-ray 
energies at ~ 10~ 3 Z/Edd to UV energies at ~ 10~ 8 Z/Edd- 



4 SUMMARY AND CONCLUSIONS 

We have collected multiwavelength SEDs of BHXBs in 
their hard X-ray states. Synchrotron emission from the jets 
launched in these systems is identified spectrally, and con- 
straints on the frequency and luminosity of the characteristic 
break in the jet spectrum have been achieved for a total of 
eight BHXBs. We detect the jet break directly in the SED of 
V404 Cyg during its 1989 outburst, at u h = (1.8±0.3) x 10 14 
Hz (1.7 ± 0.2/im). Jet break frequencies span more than 
two orders of magnitude, and there appears to be no strong 
global relation between jet break frequency and luminosity 
from L x ~ 10~ 8 -1 L Ed d- In two sources, GX 339-4 and XTE 
J1118+480, the jet break frequency varies by more than one 
order of magnitude while the ch ange in luminosity is negli- 
gible (seen on hour-timescales bv lGandhi et al.ll201ll . in the 
case of GX 339-4). 

The wide scatter in the relation between jet break fre- 
quency and luminosity may be due to the magnetic field 
strength and/or the radius of the launching region in the jet 
varying dramatically, causing large shifts in the jet break fre- 
quency, and suppressing the visibility of any global relation 
with luminosity. Different BH masses in different sources 
are unlikely to cause much of the scatter, but differences 
in the magnetic field strength, radius of the FAZ, or the 
jet radiative efficiency could contribute to the scatter in jet 
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break frequencies. The high energy (cooling) break in the jet 
spectrum appears to shift in frequency, from UV energies at 
~ 10 _8 LEdd (quiescence) to X-ray energies at ~ 10 _3 Z/ Edd . 

We find a power law correlation between the jet peak 
flux (i.e., at the jet break frequency) and the X-ray lumi- 
nosity for hard state BHXBs; L„j c t oc £^ j6±ao ' J • very sim- 
ilar to the well documented radio-X-ray correlation. This 
implies a radiatively inefficient accretion flow in the hard 
state; Lx oc m~ 2 . The BHXBs that are radio-faint in the 
radio-X-ray correlation (or perform transitions between be- 
ing radio-faint and radio-bright) are also IR-faint, and the 
radio to IR spectral index of the jet is independent of lumi- 
nosity. 
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